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Abstract—In this paper, we propose a preamble (PA) collision
resolution (PACR) scheme based on multiple timing advance (TA)
values captured via tagged PAs. In the proposed PACR scheme,
tags are embedded in random access (RA) PAs and multiple
TA values are captured for a single detected PA during a tag
detection procedure. The proposed PACR scheme significantly
improves RA success probability for stationary machine nodes
since the nodes using collided PAs can successfully complete the
corresponding RAs using exclusive data resource blocks.
Index Terms—Random access, tagged preamble, timing ad-
vance, IoT, M2M, LTE.
I. INTRODUCTION
C
ELLULAR random access (RA) is one of latest active
research areas in Internet of Things (IoT)/machine-to-
machine (M2M) communications [1], [2] since the RA is a
mandatory preceding procedure for communications between a
node and an eNodeB in cellular networks. Thus far, most stud-
ies have focused on how to renovate or innovate the current
cellular RA system by reflecting main features of IoT/M2M
communications such as a massive number of nodes, a variety
of data patterns and sizes, and a wide range of access priorities.
Especially, RA overload problems caused by a limited
amount of resource in preambles (PAs) and physical uplink
shared channels (PUSCHs) have been highly concerned [3].
The approaches to resolve the RA overload problems can be
categorized into PA collision mitigation [4], PUSCH resource
collision avoidance [5], PUSCH resource reuse mechanism
[6], [7], and access class barring (ACB) [8], [9]. Various
RA schemes for access prioritization were proposed based
on pricing-based load control [10] and PA allocation [11].
However, only a few studies considered the feature of station-
ary machine nodes in cellular RA even if there exist a lot of
application scenarios deploying stationary machine nodes such
as sensors and smart meters. In principle, timing advance (TA)
values are delivered via RA response (RAR) messages at the
second step of RA procedure so that a node adjusts its uplink
timing synchronization. The TA value of a stationary node is
generally fixed and invariant, and it can be already known to
the node since the first RA. This feature can be utilized for
avoiding PUSCH resource collisions [12] and optimizing ACB
parameters [13].
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In the conventional RA scheme, PA collisions, which occur
when multiple nodes choose an identical PA, cause subsequent
PUSCH resource collisions due to late PA collision detection
following after detection of PUSCH resource collisions at the
third step of RA procedure. Recently, an early PA collision
detection (e-PACD) scheme based on tagged PAs has been
proposed [5]. It can fundamentally eliminate PUSCH resource
collisions at the third step of the RA procedure and reduce the
RA delay. However, the e-PACD scheme cannot eventually
resolve the preamble collisions. Liang et al. [7] proposed a
non-orthogonal RA scheme, which can partially resolve PA
collisions and utilize non-orthogonal PUSCH resources by a
collided user group. However, this scheme is only applicable
when two collided nodes transmitting the identical PA are
sufficiently apart from each other.
In this paper, we further utilize the tagged PAs in order
to resolve PA collisions fundamentally. More specifically,
multiple TA values are captured by the tagged PAs at the
receiver and they are used for the collision resolution. The
proposed PA collision resolution (PACR) scheme enables a
stationary node with a collided PA to use an exclusive PUSCH
resource at the third step by recognizing not only the used PA
index but also its own TA value included in an RAR message
at the second step. The performance of the proposed PACR
scheme is analyzed and evaluated in terms of TA capturing
accuracy at PHY layer and RA success probability at MAC
layer. The proposed PACR scheme significantly improves the
RA success probability of stationary nodes, which occupy a
significant portion of a huge population in cellular IoT/M2M
networks, since even the nodes using collided PAs can success-
fully complete the corresponding RA using exclusive PUSCH
resource blocks at the third step. The contributions of this
paper are summarized as follows:
• We propose a novel way to capture multiple TA values
for a single detected PA and a novel PUSCH resource
allocation method using the TA values included in RAR
messages in order to fundamentally resolve PA collisions.
• We analyze the TA capturing accuracy at PHY layer,
and the RA success probability and the PUSCH resource
collision probability at MAC layer.
• The proposed PACR scheme achieves RA success prob-
abilities higher than 90% and PUSCH collision probabil-
ities lower than 2%, compared with the conventional RA
scheme [14] and the Liang’s RA schemes [7] even in a
significantly heavy RA traffic environment.
2II. TAGGED PREAMBLES
According to [5], a tagged PA consists of a PA Zadoff-Chu
(ZC) sequence and a tag ZC sequence, which are transmitted
as a mixed sequence:
X i,lr,ki [n] = β(p
i
r[n] + q
l
ki
[n]), (1)
where β denotes the signal strength of the tagged PA, and
pir[n] and q
l
ki
[n] denote the PA sequence and the tag sequence,
respectively. The PA sequence is expressed as pir[n] = zr[(n+
iNCS) mod NZC] for n = 0, . . . , (NZC− 1), where r denotes
the PA root number, i denotes the randomly selected PA index
in {0, . . . , (NPA− 1)}, NCS denotes the cyclic shift size, and
NPA denotes the number of available PAs. Similarly, the tag
sequence is expressed as qlki [n] = zki [(n+ lNCS) mod NZC]
for n = 0, . . . , (NZC − 1), where ki denotes the tag root
number of the i-th PA index, l denotes the randomly selected
tag index in {0, . . . , (Ntag−1)}, and Ntag denotes the number
of available tags. The tag root number ki is determined by a tag
root mapping function of the PA index i, i.e., ki = f(i), which
is exclusive of the PA root number r, i.e., r 6= ki, to maintain
a cross-correlation property [14]. An expense for sending
additional tag sequences in the proposed PACR scheme may
be a negative effect on PA detection performance. However,
it has been examined that the additional tag sequences do not
significantly affect the PA detection probability [5].
III. SYSTEM MODEL
Let Mi denote the number of RA-attempting nodes using
the i-th PA index for i = 0, . . . , (NPA − 1), and M =∑(NPA−1)
i=0 Mi represents the total number of RA-attempting
nodes on the same PRACH. Let us define the following sets:
• I = {im|m = 1, . . . ,M}
: A set of transmitted PA indices from M nodes.
• L = {lm|m = 1, . . . ,M}
: A set of transmitted tag indices from M nodes.
• K = f(I) = {kim = f(im)|m = 1, . . . ,M}
: A set of used tag root numbers from M nodes.
The M nodes simultaneously transmit their own tagged PAs
X im,lmr,kim [n] = βm(p
im
r [n] + q
lm
kim
[n]), m = 1, . . . ,M, (2)
where pimr [n] and q
lm
kim
[n] denote the PA and tag sequences,
and βm, r, kim , im, and lm denote the transmitted power, the
PA root number, the tag root number, the PA index, and the
tag index for the m-th node, respectively. Then, the received
sequence at the eNodeB is expressed as
Y I,Lr,K [n] =
M∑
m=1
Em∑
e=1
hemX
im,lm
r,kim
[(n+ tem) mod NZC] +W [n],
(3)
where hem and t
e
m denote the channel coefficient and the delay
shift of them-th node for the e-th multi-path, respectively, Em
is the total number of multi-paths for them-th node, andW [n]
represents the circular symmetry complex Gaussian noise with
variance σ2, i.e., W [n] = WR[n] + jWI[n] ∼ CN (0, σ2).
IV. PROPOSED PREAMBLE COLLISION RESOLUTION
In this section, we first describe how to capture multiple TA
values with respect to a single detected PA. Then, the two-step
procedure of the proposed PACR scheme is presented.
(a) Preamble detection based on the PA root number r
(b) Tag detection based on the tag root number ki
PA index i
Tag index l1 Tag index l2
TAi
TAi,2TAi,1
Fig. 1. An example of capturing two TA values when two nodes use the
same PA index i and distinct tag indices l1 and l2.
A. Capturing of multiple timing advance (TA) values
After the eNodeB receives tagged PAs on PRACH, it first
tries to detect PAs using the PA reference sequence with PA
root number r. As a result, it obtains a set of detected PA
indices I ′ = {i1, . . . , iJ} where J denotes the number of
detected PA indices. After that, the eNodeB tries to detect the
corresponding tags for each of the detected PA indices ij ∈ I ′
based on the tag reference sequence with tag root number
kij = f(ij). During the tag detection for the detected PA ij ,
the eNodeB may capture Tij TA values on each of Tij distinct
tag detection zones. Fig. 1 shows an example of capturing two
TA values. In the example, two nodes use the same PA index
i and distinct tag indices l1 and l2, respectively. In Fig. 1
(a), during the PA detection, the i-th PA can be detected but
only a single and shorter TA value of TAi,1 can be captured.
However, in Fig. 1 (b), during the tag detection using the tag
root number ki, two tags can be detected and thus, two TA
values TAi,1 and TAi,2 can be captured on two different tag
detection zones of l1 and l2, respectively.
After all, using the tagged PAs, the eNodeB can capture
multiple TA values for each detected PA. According to the
number of captured TA values, Ti, for the i-th detected PA
index, the eNodeB can classify the i-th detected PA index as
single-, double-, triple- or over-access PAs. However, majority
may correspond to single-access and double-access PAs.
B. Procedure of the proposed preamble collision resolution
(1) RAR message generation: If the eNodeB successfully
obtains Ti TA values for the i-th detected PA, it can generate
Ti RAR messages, each of which includes the i-th PA index,
one of Ti TA values, and an uplink resource grant for the third
step of the RA procedure. Then, it transmits Ti RAR messages
to the nodes using the same PA index i. Note that if the TA
values captured on different tag detection zones are identical,
the eNodeB does not generate an RAR message including this
TA value so that the nodes with the identical TA value and PA
index can avoid PUSCH resource collisions at the next step
and then quickly reattempt another RA.
(2) Finding their own RAR messages: Since most sta-
tionary nodes are aware of their TA values at network-entry
instant, they can obtain their own RAR messages by verifying
their PA indices and TA values at the second step of the RA
procedure. If they decode their own RAR messages, they send
RA-step3 data at the third step of the RA procedure on PUSCH
informed through their uplink resource grants indicated in
the RAR messages. As a result, even though multiple nodes
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Fig. 2. An illustrative example of the proposed PACR scheme. Single-access
PA index: a, double-access PA index: b, and triple-access PA index: c.
choose the same PA (i.e., resulting in a PA collision in the
conventional RA scheme), they can succeed the RA at the
third step by using distinct PUSCH resource blocks.
Fig. 2 shows an illustrative example. Here, six nodes in total
simultaneously attempt RAs on the same PRACH; Node 1
uses PA index a (a single-access PA); Nodes 2 and 3 use PA
index b (double-access PA); Nodes 4, 5, and 6 use PA index c
(triple-access PA). For tag indices, we assume that l2 6= l3 and
l4 6= l5 6= l6. The PA indices a, b, and c can be detected during
the PA detection procedure. Then, using the tag root numbers
ki = f(i) for i ∈ {a, b, c}, a single or multiple TA values
can be captured with respect to the i-th detected PA. The i-th
detected PA has TA values TAi,n, n ∈ {1, . . . , Ti}, where Ti
denotes the number of captured TA values for the i-th detected
PA. According to the PA detection and TA capturing results,
six RAR messages can be generated and each of them includes
the detected PA index i, the TA value TAi,n, and the uplink
resource grant URGi,n for i ∈ {a, b, c} and n ∈ {1, . . . , Ti}.
V. PERFORMANCE ANALYSIS
For analytical tractability and simplicity, we assume that
each tagged PA experiences only a single path and the average
channel coefficient is unity as in [5], [15]. Thus, the received
sequence in (3) is rewritten as
Y I,Lr,K [n] =
∑M
m=1
X im,lmr,kim [(n+ tm) mod NZC]+W [n], (4)
where r, K, kim , and tm denote the PA root number, the set of
used tag root numbers from M nodes, the tag root number of
them-th node, and the round-trip delay shift of them-th node,
respectively. In the following, we analyze the PA detection
probability and the TA capturing accuracy for the d-th node
using the PA index id and the tag index ld, i.e., the tagged PA
X id,ldr,kid
[n]. After then, we derive the RA success probability
and the PUSCH collision probability at MAC layer.
A. Analysis of PA detection probability
The id-th PA can be detected by calculating the correlation
value |c{r,K},r[τ ]| between the received sequence Y I,Lr,K [n] and
the PA reference sequence zr[n], and then, verifying the id-th
PA detection zone Did = [idNCS, (id+1)NCS− 1] [5]. Since
there are Mid nodes using the PA index im = id, Mid peaks
can be detected at each of τ ∈ Ωidpa = {ωidj |j = 1, . . . ,Mid},
where ωidj = {(idNCS + tj) mod NZC}. At time instant
τ = ωidj ,
∣∣c{r,K},r[ωidj ]∣∣ becomes a random variable (RV)
Gidj ∼ Rice(θidj , σ) following a Rician distribution [16],
whose probability density function (PDF) is expressed as
f
G
id
j
(g; θidj , σ) =
g
σ2
I0
(
gθ
id
j
σ2
)
exp
[
− g
2+(θ
id
j
)2
2σ2
]
, (5)
where θidj =
∣∣∣√NZCβj +∑Mm=1 ckim ,r[ωidj ]
∣∣∣, and I0(·) is the
modified Bessel function of the first kind with the zero-th
order. Therefore, we have Mid RVs {Gidj |j = 1, . . . ,Mid}
at each of Ωidpa in Did . Let us define the maximum RV
Gidpa = max{Gidj |j = 1, . . . ,Mid}. Finally, the PA detection
probability for the PA index id is defined as
P idPA(Mid) , Pr[G
id
pa ≥ γpa]
= 1−∏Midj=1
{
1−Q1
(
θ
id
j
σ
,
γpa
σ
)}
, (6)
where Q1(a, b) and γpa denote the Marcum Q function and
the PA detection threshold, respectively.
B. Analysis of TA capturing accuracy
After the PA index id is detected, the eNodeB again
calculates the correlation value |c{r,K},kid [τ ]| between the
received sequence Y I,Lr,K [n] and the tag reference sequence
zkid [n] using the tag root number kid = f(id), and verifies
each of the tag detection zones Dl = [lNCS, (l + 1)NCS − 1]
for l ∈ [0, Ntag − 1]. There are Mid tags attached to the id-th
PA using kim = kid . Among them, the tag index ld of the d-th
node can be detected on the ld-th tag detection zone Dld =
[ldNCS, (ld + 1)NCS − 1] at τ = ψidld = {(ldNCS + td) mod
NZC}. At time instant τ = ψidld ,
∣∣∣c{r,K},kid [ψidld ]
∣∣∣ becomes
an RV Hidld ∼ Rice(φidld , σ) following a Rician distribution,
whose PDF is given in (5) with a different parameter φidld =∣∣∣√NZCβd +∑Mm=1 cmr,kid [ψidld ] +
∑M
kim 6=kid
ckim ,kid [ψ
id
ld
]
∣∣∣.
Before τ = ψidld , there are td instants Θ
id
ld
= [ldNCS mod
NZC, (ldNCS + td − 1) mod NZC] on the tag detection zone
Dld , and at each of them, |c{r,K},kid [τ ]| becomes an RV
V idld [τ ] ∼ Rice(ηidld [τ ], σ) following a Rician distribution,
whose PDF is given in (5) with a different parameter ηidld [τ ] =∣∣∣∑Mm=1 cmr,kid [τ ] +
∑M
kim 6=kid
ckim ,kid [τ ]
∣∣∣.
Here, let us define the maximum noise RV Zidld ,
max{V idld [τ ]|τ ∈ Θidld}, whose cumulative density function
(CDF) is expressed as
Pr[Zidld ≤ z;ηidld , σ] =
∏
τ∈Θ
id
ld
{
1−Q1
(
η
id
ld
[τ ]
σ
, z
σ
)}
, (7)
where ηidld = {ηidld [τ ]|τ ∈ Θidld}.
Finally, we define the TA capturing accuracy for the d-th
node as the probability that the tag index ld of the d-th node
is accurately captured with td within the ld-th tag detection
zone Dld . For that, the RV Hidld at τ = ψidld should be greater
than or equal to the tag detection threshold γtag, and the each
of td noise values in Θ
id
ld
should not exceed γtag. Therefore,
4the TA capturing accuracy for the d-th node using the id-th
PA index is derived as
P idTA(Mid) = P
id
PA(Mid)Pr[Z
id
ld
< γtag, H
id
ld
≥ γtag], (8)
where Pr[Zidld < γtag] is given in (7) with z = γtag, and
Pr[Hidld ≥ γtag] = Q1(φidld/σ, γtag/σ).
C. Analysis of RA success probability and PUSCH collision
probability
From the viewpoint of MAC layer, we analyze the RA
success probability of both the proposed PACR and the con-
ventional RA schemes. We assume that M stationary machine
nodes simultaneously attempt RAs on the same PRACH and
a single target node selects a PA index i and a tag index
l. Let NPA and Ntag denote the number of available PAs
and the number of available tags, respectively. Here, Ntag
is determined by a cell radius R [4]. First, we derive the
probability located within a specific TA zone. Let ǫTA denote
the distance granularity of a TA value [13]. Within a cell
with radius R, there exists NTA = ⌈R/ǫTA⌉ TA zones and
the d-th TA zone is in the range of [dǫTA, (d − 1)ǫTA] for
d ∈ {0, . . . , NTA−1}. The probability located within the d-th
TA zone is obtained by
Pd =
∫ rd+1
rd
2r
R2
dr =
1
R2
(
r2d+1 − r2d
)
, (9)
where rd = dǫTA.
The probability that a nodes choose the same PA index i
among total (M − 1) stationary nodes (except for the target
node) is defined as
Pr[Ai = a,M − 1] ,
(
M−1
a
)(
1
NPA
)a (
NPA−1
NPA
)(M−1−a)
,
(10)
where Ai represents an RV for the number of other nodes
selecting the same PA index i and
(
x
y
)
represents the bi-
nomial coefficient. Assuming that PUSCH resources for the
third step are sufficient (i.e., the probability of successful
PUSCH scheduling is unity), the RA success probability of the
proposed PACR scheme for a single stationary node located
within the d-th TA zone is derived as
P propsuccess(M,d) , Pr[Bi,l = 1, Di,d = 1,M − 1]
=
M−1∑
a=0
{(
Ntag − 1
Ntag
)
(1− Pd)
}a
Pr[Ai = a,M − 1],
(11)
where Bi,l denotes an RV for the number of nodes selecting
both the PA index i and the tag index l andDi,d denotes an RV
for the number of nodes selecting the PA index i and located
within the d-th TA zone. The average RA success probability
of the proposed PACR scheme for a single stationary node is
determined by
P propsuccess(M) =
∑NTA−1
d=0
P propsuccess(M,d)Pd. (12)
Similarly, the RA success probability of the conventional RA
scheme is obtained by
P convsuccess(M) , Pr[Ai = 0,M − 1] =
(
NPA−1
NPA
)(M−1)
. (13)
TABLE I
SIMULATION PARAMETERS AND VALUES
Parameters Values
PA detection threshold, γpa (dB) −16
Tag detection threshold, γtag (dB) −16
Signal-to-noise ratio (SNR), β (dB) −20 ∼ −10
Number of RA nodes per PRACH, M 5
Cell radius, R (km) 0.8, 1.6, 2.4
TA Distance granularity, ǫTA (km) 0.8
Number of PAs for stationary nodes, NPA 20
Number of tags, Ntag (determined by R) 71, 51, 38
Number of TA zones, NTA (determined by R) 10, 20, 30
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0
0.2
0.4
0.6
0.8
1
-20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10
0
0.2
0.4
0.6
0.8
1
Fig. 3. PA detection probability and TA capturing accuracy.
Finally, the PUSCH resource collision probabilities of the
proposed PACR and the conventional RA schemes are derived,
respectively, as
P propcollision(M) = 1−
(
NPANtag−1
NPANtag
)(M−1)
, (14)
P convcollision(M) = 1− P convsuccess(M). (15)
VI. PERFORMANCE EVALUATION
Table I lists the simulation parameter set utilized in simula-
tions. All simulations were performed by using MATLAB R©.
Fig. 3 shows the PA detection probability and the TA capturing
accuracy of the proposed PACR scheme when the number of
RA-attempting nodes using PA 1 among five nodes (M = 5)1
is two (M1 = 2). In Fig. 3 (a), the set of transmitted PA and
tag indices from five nodes are set to I = {1, 1, 2, 3, 4} and
L = {10, 20, 30, 40, 50}, respectively, and the target node with
i1 = 1 and l1 = 10 has a TA value of t1 = 3. First of all,
the simulation results agree well with the analytical results.
The TA capturing accuracy is apart approximately less than 1
dB from the PA detection probability since the TA capturing
accuracy requires the successful PA detection in advance as
represented in Eq. (8). In Fig. 3 (b), L is randomly chosen
1000 times in order to obtain the average values. In this
situation, the PA detection probability has the similar value
to that in Fig. 3 (a), but the TA capturing accuracy is apart
approximately 0.3 dB from that in Fig. 3 (a).
1Assuming 50,000 nodes in a cell with an RA arrival rate of 0.5 (one
arrival/2 minutes), the corresponding M value becomes approximately 5.
52 4 6 8 10 12 14 16 18 20
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Fig. 4. RA success probability for a single RA attempt.
From the viewpoint of MAC layer, we evaluate the proposed
PACR scheme in terms of RA success probability and PUSCH
resource collision probability, compared with the Liang’s RA
scheme [7] and the conventional RA scheme [14]. The Liang’s
RA scheme is to partially resolve PA collisions only when
signal peaks are sufficiently apart from each other within the
same PA detection zone. In Fig. 4, the proposed PACR scheme
achieves the RA success probabilities of 93.6% (R = 2.4 km),
92.3% (R = 1.6 km), and 87.2% (R = 0.8 km) for a single RA
attempt in a significant RA load situation (e.g.M = 20), while
the Liang’s RA scheme achieves the RA success probabilities
of 71.8% (R = 2.4 km), 70.0% (R = 1.6 km), and 65.1%
(R = 0.8 km), and the conventional RA scheme achieves only
37.7% (the cell radius does not affect the performance in the
conventional scheme). This implies that the proposed PACR
scheme can improve the RA success probabilities up to 99.6%
(R = 2.4 km), 99.4% (R = 1.6 km), and 98.4% (R = 0.8
km) with two consecutive RA attempts, while the Liang’s RA
scheme achieves 92.0% (R = 2.4 km), 91.0% (R = 1.6 km),
and 87.8% (R = 0.8 km), and the conventional RA scheme
achieves 61.2%. The larger the cell, the higher the RA success
probability since the probability that TA values are overlapped
is reduced as the cell radius increases.
In addition to the PA collision resolution capability, even
in case of TA overlapped, the proposed PACR scheme is
helpful to avoid PUSCH resource collisions since it does not
allocate any PUSCH resource for this case. In Fig. 5, the
proposed PACR scheme achieves significantly lower values in
the PUSCH resource collision probability as 1.43% (R = 0.8
km), 1.82% (R = 1.6 km), and 2.47% (R = 2.4 km),
compared with 34.9% (R = 0.8 km), 29.9% (R = 1.6 km),
and 28.2% (R = 2.4 km) of the Liang’s RA scheme and 37%
of the conventional RA scheme when M = 20.
VII. CONCLUSION
In this paper, we proposed a PA collision resolution (PACR)
scheme which significantly improves RA success probability
and reduces PUSCH resource collisions based on the multiple
TA values captured via tagged PAs. The performance of the
proposed PACR scheme was mathematically analyzed in terms
of the TA capturing accuracy at PHY layer, and the RA success
and the PUSCH resource collision probabilities at MAC layer.
Through simulations, it was shown that the proposed PACR
scheme is very effective for stationary machine nodes which
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Fig. 5. PUSCH resource collision probability.
occupy a significant portion of huge population in future
cellular IoT/M2M networks.
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